Acute retinal necrosis (ARN) in humans is a retinal disease cytopathic effect of the virus on infected retinal cells, the immune response directed against the inciting virus has been caused by an acute and rapidly progressing retinal inflammation suggested to be involved in its pathology [6, 7, 14 -18] . Most that leads to severe impairment of vision within days after ARN patients are immunocompetent, and typical cases of ARN onset. The clinical features of this rare ocular disease are charare uncommon in immunocompromised individuals [4] . Monoacterized by an acute peripheral necrotizing retinitis, retinal nuclear cell infiltrates, primarily plasma cells and lymphocytes, arteritis, vitreitis, and panuveitis [1 -4] . As the disease prohave been demonstrated in the choroid beneath the necrotic gresses, necrosis of the entire retina and complications such as retina, in the vitreous cavity, and in the anterior segment of retinal detachment can lead to additional visual deterioration inflamed eyes [6, 7, 12] . T cells predominate among the in- [5] . The disease is initiated by an ocular infection with variflammatory cells located in IOF of ARN patients [19, 20] . The cella-zoster virus (VZV), herpes simplex virus (HSV), or occapercentages of activated CD4 / and CD8 / T cells in IOF proved sionally, cytomegalovirus (CMV) [6 -11] . Although virus parto be higher than those found in peripheral blood [20] . ticles have been detected in both affected retinal tissues and the
In an experimental mouse model of ARN, uniocular inoculaintraocular fluid (IOF) from ARN patients, isolation attempts of tion of HSV-1 into the anterior chamber of euthymic mice the virus from ocular fluid samples are usually unsuccessful induces an iridocyclitis with sparing of the retina of the injected [6, 9, 12] . In most cases, however, the causative agent can be eye [14 -17, 21 -25] . A necrotizing chorioretinitis, sharing hisidentified by analyzing IOF samples for the presence of viral topathologic features of human ARN, develops in the contralat-DNA by polymerase chain reaction (PCR) and local antibody eral eye [15, 24] . In this animal model, T cells appear to be production against the respective herpesviruses [13] .
both protective and destructive. Sparing of the ipsilateral retina Despite the knowledge of the etiologic agents involved, the may be due partly to the involvement of virus-specific T cells pathogenesis of ARN is far from clear. Apart from the direct [26] . The presence of a high virus titer and viral antigens in the retina and CD4 / T cells in the contralateral eye have been suggested to be key factors in the induction of fulminant retini- 
NOTE. GW (Goldmann-Witmer) coefficient ú3 was considered to indicate local antibody production against viruses tested. ND, not done; 0, no PCR product detected following Southern blot analysis. same time. Total IgG levels in the IOF and serum samples were
Materials and Methods
determined by radial immunodiffusion as described previously [13, Viruses. The HSV-1 strain MacIntyre (ATCC VR-539) and 37]. Intraocular virus-specific antibody production was determined the HSV-2 strain MS (ATCC VR-540) were obtained from the by the following calculation: GW coefficient Å (virus-specific IgG American Type Culture Collection (ATCC, Rockville, MD). The titer of IOF/virus-specific IgG titer of serum)/(total IgG IOF/total HSV-1 1 HSV-2 intertypic recombinant viruses (IRVs) RH1G7, IgG serum). Local antibody production was considered present if RS1G25, RS1G31, and R7015 were generously provided by B.
the GW coefficient was ú3 [13, 37] . The presence of HSV-1, Roizman (The Marjorie B. Kovler Viral Oncology Laboratory, HSV-2, VZV, CMV, and EBV DNA in the vitreous fluid samples Chicago) [28, 29] . The IRV (designated as RP-2), bearing the was determined by PCR analysis using virus-specific primers as VP16 gene from HSV-2 (strain HG52) in the HSV-1 (strain KOS) described [13, 37] . genome, was a gift from S. J. Triezenberg (Michigan State UniverPeripheral blood mononuclear cells (PBMC) were isolated by sity, East Lansing) [30] . Stocks of these viruses were generated density centrifugation of heparinized peripheral blood onto a ficoll on Vero cells as described [31] . Recombinant vaccinia viruses gradient (Lymphoprep; Nycomed Pharma, Oslo, Norway), and (rVV) containing the genes for several HSV-1 glycoproteins were blood-derived B cells were transformed with EBV as described used in this study. The rVVs containing gD (VgD52) and gE (gE/ previously [38] . The EBV-transformed B cell lines (BLCLs) were 4B) were provided by A. C. Minson (University of Cambridge, cultured in RPMI 1640 (Life Technologies Gibco BRL, Grand UK) [32] . The rVV containing gB (VgB11) was a gift from E. M.
Island, NY) containing 10% heat-inactivated fetal bovine serum Cantin (City of Hope National Medical Center, Duarte, CA), and (BioWhittaker, Verviers, Belgium), 100 U/mL penicillin, and 100 the rVVs containing gG (gG-VAC) and gI (US7-VAC) were kindly mg/mL streptomycin. Heat-inactivated human pooled serum was provided by G. L. Smith (University of Oxford, UK) [33] [34] [35] . The obtained from the Central Laboratory of Blood Transfusion SerrVV stocks were generated on RK13 cells as described [36] .
vices (CLB, Amsterdam). Clinical specimen collection and processing. The 5 patients
Generation of T cell lines (TCLs) and T cell clones (TCCs). included in this study fulfilled the clinical criteria of ARN as
The inflammatory cells in the IOF samples from the ARN patients proposed by the Education and Research Committee of the Ameriwere concentrated by centrifugation (10 min, 300 g) and washed can Uveitis Society [4] . Heparinized blood, serum, and IOF samtwice with PBS containing 3% fetal bovine serum. The cells were ples (vitreous fluid or aqueous humor) were obtained from the resuspended in RPMI 1640 supplemented with antibiotics and 10% patients during therapeutic pars plana vitrectomy or paracentesis human serum (complete medium), which contained 50 U/mL hufor diagnostic purposes. All patients underwent preoperative treatman recombinant interleukin-2 (rIL-2; Eurocetus, Amsterdam). ment with acyclovir and had no previous record of uveitis (table  The cells were divided over 10 wells of a 96-well round-bottomed 1).
microtiter plate and nonspecifically stimulated as described preAdditionally, the diagnosis of ARN was confirmed by analyzing viously [31] . Briefly, 10 5 gamma-irradiated (3000 rad) allogeneic the local antibody production to herpesviruses and the presence of PBMC from healthy donors and 5 1 10 3 gamma-irradiated cells viral DNA in the IOF samples. The intraocular antibody production of the BLCLs APD (International Histocompatibility Workshop; against HSV, VZV, CMV, and Epstein-Barr virus (EBV) was IHW 9291) and BSM (IHW 9032) were added to each well as determined by calculating the Goldmann-Witmer (GW) coeffifeeder cell mixture in a total volume of 150 mL of complete mecient, as described previously [13, 37] . Commercially available dium supplemented with 1 mg/mL phytohemagglutinin-L (PHAimmunofluorescence diagnostic kits were used according to the L; Boehringer Mannheim, Mannheim, Germany). All wells of the manufacturer's instructions to quantify the herpesvirus-specific stimulated IOF-derived cells showed T cell outgrowth and were IgG titers in both IOF and serum samples (Gull Laboratories, Salt pooled. These IOF-derived TCLs were cloned by limiting dilution. T cells were seeded at 0.3, 1, and 3 cells/well in 60-well Terasaki Lake City). Paired IOF and serum samples were tested at the Cr release was calculated as described previously [38] .
HSV-1 DNA in the IOF samples and the definition of HSV-1
All assays were performed in triplicate, and the results were given as the inciting HSV serotype, the majority of the HSV-specific as the average of the triplicate wells. In all assays, spontaneous
TCCs were HSV-1-specific. In both patients, some TCCs were release was õ20% of the total 51 Cr release, and the SD was õ10%.
HSV-1-HSV-2 cross-reactive: 1 of 13 TCCs and 3 of 14 TCCs
Flow cytometric analysis. The TCLs and TCCs were characwere HSV type-common in patients 1 and 2, respectively. CD4 / terized for cell surface expression of CD3, CD4, and CD8, as and CD8 / HSV-specific TCCs were obtained from the IOF described previously [31] . The TCR Vb expression by the TCCs samples from both ARN patients (table 3) . 
Cytokine production and TCR Vb gene usage of IOF-derived (IG125), 22 (IMMU546), and 23 (HUT78#7).
HSV-specific TCCs. The production of the cytokines IL-4, Th0-like [40] . To analyze the clonality of the HSV-specific infected with recombinant vaccinia viruses encoding the HSV-1 glycoproteins gB, gD, gE, gG, and gI. None of the TCCs TCCs, their TCR Vb gene usage was determined by fluorescence-activated cell sorting analyses using a panel of TCR Vbtested were specific for gD, gE, gG, or gI (data not shown). In both patients, one HSV type-common CD4 / TCC proved to specific MAbs. In both patients, interclonal differences in TCR Vb gene usage were observed (table 3) .
be gB-specific (table 4) . Additionally, the target antigens of the HSV-1 -specific Antigen specificity of the IOF-derived HSV-specific TCCs. The HSV-specific TCCs were tested for reactivity to BLCL TCCs were mapped using BLCL infected with HSV-1 1 HSV- Table 3 . Antigen specificity, T cell receptor (TCR) variable (V) b gene usage, and cytokine secretion levels of HSV-specific T cell clones (TCCs) recovered from intraocular fluid samples from patients with HSV-mediated acute retinal necrosis. Cr release is expressed as mean cpm of triplicate cultures. All T cell clones except boxed T cell clones, which were CD8 / , were CD4 / . Effector-to-target ratio was 10.
2 intertypic recombinant viruses as antigen-presenting cells.
that is, an IRV containing the HSV-2 UL48 gene within an HSV-1 background [30] , these TCCs are most likely not VP16-As expected, the gB-specific HSV type-common TCC 110 (patient 1) and 111 (patient 2) reacted to all IRVs (table 5) (table 5) [28, The adult eye is an organ without constitutive lymphoid components. Therefore, any intraocular T cell found in ARN 29]. Since the gene UL48 that encodes VP16 is located at Ç0.69 HSV-1 map units [30] , the TCCs nonreactive to patients must have migrated into the eye upon infection and inflammation. In the experimental mouse model, uniocular in-RS1G25 and RS1G31 were evaluated for reactivity to the IRV RP-2. Since all TCCs recognized BLCL infected with RP-2, tracameral HSV-1 inoculation results in a chorioretinitis of the / T cells appear to contribute to virus clearance and subsequent retinal destruction in the contra-B, HSV-1 -specific epitopes encoded from genes mapped to either Ç0.67 -0.73 or 0.82 -1.0 HSV-1 map units, and HSVlateral eye [17] . The antigen specificity of these putative pathogenic CD4
/ T cells remains enigmatic [17, 27] . Information 1 -specific and type-common epitopes not definable with the panel of IRVs and rVVs used in this study. Collectively, the on antigen specificity and function of intraocular T cells may be relevant for our understanding of the role of T cells in the data on the phenotype, TCR Vb usage, and antigen specificity of the IOF-derived HSV-specific TCCs demonstrate the polypathogenesis of ARN in humans. As for other uveitis entities, these studies have thus far not been performed. This is due in clonality and multispecificity of the intraocular HSV-specific T cell response in both patients. At least 7 of 13 and 10 of 14 part to the limitation of IOF samples available and, especially in aqueous humor samples, the low numbers of T cells present.
IOF-derived HSV-specific TCCs analyzed from patients 1 and 2, respectively, were distinguishable. Of interest, a multiclonal By using a mitogenic T stimulation protocol, which we have previously described for the generation of intracorneal TCLs HSV-1 -specific T cell response towards an antigen (or antigens) coded by genes mapped to Ç0.67 -0.73 HSV-1 map from corneas obtained from herpetic stromal keratitis patients [31] , we were able to expand and characterize ocular infiltrating units was detected in both patients. Although the boundaries of the IRV RS1G31 have not been defined precisely, it has T cells recovered from IOF samples from 5 ARN patients. The demonstration of an HSV-specific T cell reactivity in the IOFbeen postulated that the 0.67 -0.73 region of the HSV genome contains Ç8 open-reading frames (UL47 -UL52 [28 -30] ). The derived TCLs from 2 patients with an HSV-mediated ARN and the lack of such reactivity in the IOF-derived TCLs of 3 VZVopen-reading frames UL47, UL48, and UL49 encode the abundant tegument proteins VP13/14, VP16, and VP22, respecmediated ARN patients indicates the infiltration of T cells specific for the triggering virus in affected eyes of ARN patients.
tively. These proteins are the most likely candidates for the TCCs mapped to the region 0.67 -0.73 [30] . Since all relevant The compartmentalization of HSV-specific T cells to the site of an HSV-initiated localized inflammation has also been observed TCCs responded to RP-2 -infected BLCLs, they are most probably not VP16-specific. Previously, a similar T cell reactivity in HSV-1-triggered herpetic stromal keratitis and recurrent genital HSV-2 lesions [31, [41] [42] [43] . As observed for the local HSVtowards this region has been observed among HSV-2 -specific TCCs recovered from lesions of 5 patients with recurrent genispecific T cell responses in herpetic skin and corneal lesions, the majority of the IOF-derived HSV-specific TCCs were of the tal HSV-2 infections [30] . This portion of the genome of both serotypes may encode an antigen (or antigens) that elicits strong CD3
0 phenotype [31, [41] [42] [43] . By using a panel of rVVs that encode various HSV-1 glycolocal or systemic T cell response following infections with HSV-1 and HSV-2. We are currently analyzing the fine speciproteins and IRVs, we have demonstrated that the intraocular HSV-specific T cell response in the 2 ARN patients studied is ficity of the relevant TCCs of patients 1 and 2.
The role of T cell -derived cytokines in the inflammation VZV-induced ARN and immunohistologic analyses of retina biopsies obtained from ARN patients, are needed to unravel of the posterior segment of the eye has been studied in the experimental autoimmune uveoretinitis model. Experimental the putative role of the intraocular herpesvirus-specific T cell response in the pathogenesis of ARN. autoimmune uveoretinitis can be induced by immunization with several different retinal autoantigens and is a T cell -mediated disease [44] . As for other organ-specific experimental autoim-
